GnRH neuron activity is dependent on gonadal steroid hormone feedback. Altered synaptic input may be one mechanism by which steroids modify GnRH neuron activity. In other neuronal populations, steroid hormones have been shown to elicit profound effects on dendritic spine density, a measure of excitatory synaptic input. The present study examined gonadal steroid feedback effects on GnRH neuron spine density in female GnRH-green fluorescent protein (GFP) mice. Immunocytochemical labeling of GFP in this model reveals fine morphological details of GnRH neurons. Spine density and other features were quantified by confocal analysis. Ovariectomy resulted in a significant reduction in somatic spine density (27%, P Ͻ 0.05) compared with sham-operated diestrous females. However, dendritic spine density was unaltered. Positive feedback effects of estradiol on spine density were investigated using a protocol to mimic the GnRH/LH surge. Ten GnRH-GFP mice underwent an established protocol, receiving either estradiol benzoate (1 g per 20 g body weight) or vehicle (n ϭ 5/group) 32 h prior to being killed during the expected surge. Double-label immunofluorescence showed that all estradiol-treated females expressed cFos in a subpopulation of GnRH neurons. Spine density was determined by confocal analysis of activated (cFos-positive, n ϭ 10 neurons/animal) and nonactivated (cFos-negative, n ϭ 10 neurons/animal) GnRH neurons from estradiol-treated animals and for GnRH neurons (n ϭ 20 neurons/animal) from nonsurged controls (all cFos negative). Activated GnRH neurons (cFos positive) showed a dramatic 60% increase in total spine density (0.78 Ϯ0.06 spines/m) compared with nonactivated GnRH neurons (0.50 Ϯ0.01 spines/m) in estradiol-treated animals (P Ͻ 0.001). Both somatic and dendritic spine density was significantly increased. Spine density was not different between nonactivated GnRH neurons from surged animals (0.50 Ϯ0.01 spines/m) and GnRH neurons from nonsurged animals (0.51 Ϯ0.06 spines/m). These data demonstrate that positive feedback levels of estradiol stimulate a robust increase in spine density specifically in those GnRH neurons that are activated at the time of the GnRH/LH surge. (Endocrinology 152: 4906 -4914, 2011) 
S
ex steroid hormones have profound effects on the developmental wiring and adult plasticity of neuronal circuits in the brain (1) . During development, exposure to estradiol at critical time points produces sexually dimorphic synaptic patterning within the hypothalamus (2) (3) (4) (5) (6) . Within the mature nervous system, many neuronal phenotypes exhibit dynamic alterations in their morphology and connectivity in response to the fluctuating gonadal steroid hormone levels of the estrous cycle (7) . Hormoneinduced structural changes are evident within the hippocampus, in which estrogen and progesterone have been demonstrated repeatedly to increase the density of dendritic spines on CA1 pyramidal neurons (8, 9) . Steroiddependent changes in spine density have also been observed within the hypothalamus, including ventromedial (10) and arcuate nuclei (11) neurons as well as within the medial amygdala (12) . Because spines represent sites of excitatory, and most commonly glutamatergic, synaptic input (13) (14) (15) , changes in spine density provide a valuable index of excitatory synaptic plasticity within the adult brain.
GnRH neurons are the final downstream neurons of the neuronal network controlling reproductive function. GnRH neurons exhibit marked functional plasticity in response to changing levels of gonadal steroids. Estrogen suppresses the activity of the GnRH neurons throughout the early follicular and luteal phases of the cycle but stimulates their activity in the late follicular phase to initiate the GnRH/LH surge that leads to ovulation (16) . The mechanisms through which estrogen influences GnRH neuronal function in this dualistic manner remain unclear. However, it seems likely that many effects of gonadal steroids on GnRH neurons occur in an indirect manner by modulating the activity of afferent inputs to GnRH neurons (16) . Some of these inputs are suspected to be glutamatergic in nature (17) (18) (19) . Given the abundant evidence for gonadal steroid regulation of spine density in other neuronal cell types, we questioned here whether spines on GnRH neurons also exhibit steroid-dependent plasticity.
Earlier studies have addressed the impact of gonadal steroids on GnRH neuron plasticity by comparing the number of smooth vs. spiny GnRH neurons throughout the brain (20, 21) and revealed an increase in the spiny subtype with pubertal maturation. We reported previously that GnRH neuron spine density could be assessed in GnRH-green fluorescent protein (GFP) transgenic mice either through individual cell filling techniques or by undertaking GFP immunocytochemistry (22, 23) . Whereas the former provides unprecedented visualization of the whole of the GnRH neuron dendrite, it does not enable large numbers of GnRH neurons to be examined. In contrast, GFP labeling enables all GnRH neurons to be examined but is limited to visualization of only the proximal dendrite. Both approaches revealed the substantial spine plasticity that occurs in GnRH neurons as they develop (22) , as has been shown in earlier studies (21) . Because of the likely existence of functional subpopulations of GnRH neurons, we chose here to use the GFP-labeling approach to examine the spine density of GnRH neurons located in the rostral preoptic area (rPOA), a defined brain region in which at least half of the GnRH neurons are likely to be involved in generating the GnRH/LH surge (24, 25) . Induction of the GnRH/LH surge results in expression of the immediate early gene cFos in about 40% of GnRH neurons within the rPOA and is thought to identify those neurons activated by estrogen at the time of the surge (24, 26) . We examined spine density using this GFP-labeling approach to investigate synaptic plasticity in response to negative and positive feedback levels of estrogen.
Materials and Methods

Animals
Female homozygous GnRH-GFP mice (C57BL/6J) were housed under conditions of 12 h of light (lights on at 0700 h) with ad libitum access to food and water. GnRH-GFP mice have been previously characterized to express GFP exclusively in GnRH neurons (27) . All experimentation was approved by the University of Otago Animal Welfare and Ethics Committee.
Experiment 1: GnRH neuron spine density in the presence or absence of gonadal steroids
Experiment 1a: visualizing spines with GFP immunocytochemistry
Adult (2-3 months old) GnRH-GFP female mice were anesthetized with Avertin (0.02 ml/g body weight) and were either ovariectomized (OVX; n ϭ 5) or given sham surgery (n ϭ 4). Sham surgery involved the identical procedures of OVX, excluding the removal of the ovaries. Two weeks after OVX, mice were killed with an overdose of pentobarbital followed by perfusion fixation through the heart with 4% paraformaldehyde in PBS (PF) (pH 7.6). Vaginal cytology was examined daily in mice that underwent sham surgery. After two full estrous cycles, mice were killed on the morning of diestrus. Perfusion-fixed brains were removed, postfixed for 1 h at room temperature, and then saturated in 30% sucrose, Tris-buffered saline (TBS) solution overnight at 4 C until processing for immunocytochemistry.
Immunocytochemistry
Brains were cut on a freezing microtome into three sets of 30-m-thick coronal sections throughout the rPOA and diagonal band of Broca. After washes in TBS, one set of free-floating sections from tissue was incubated in a cocktail of two primary antibodies against GFP, rabbit anti-GFP (1:5000; Molecular Probes, Invitrogen, Eugene, OR) and chicken anti-GFP (1:1000; Chemicon, Temecula, CA) in TBS containing 0.3% Triton X-100, 0.25% BSA (incubation solution) with 2% normal goat serum, and 2% normal horse serum for 48 h at 4 C. After TBS washes, tissue was incubated in goat antirabbit AlexaFluor488 (1:200; Molecular Probes, Invitrogen) and horse antichicken AlexaFluor488 (1:200; Molecular Probes, Invitrogen) in incubation solution for 90 min. After a final wash in TBS, tissue was mounted onto gelatin-coated glass slides, coverslipped with Vectashield mounting media (Vector Laboratories Inc., Burlingame, CA), and kept in the dark at 4 C until analyzed as described below. Omission of primary antibodies followed by secondary labeling produced sections identical to unlabeled sections.
Experiment 1b: visualizing spines with juxtacellular cell-filling of GnRH neurons in acute brain slices vasculosum of the lamina terminalis (OVLT) were prepared as described previously (6) . GnRH neurons were briefly identified under fluorescence using 10 ϫ and 40 ϫ water immersion objectives and a loose patch configuration (15-60 M⍀) was obtained under differential interference contrast optics. Patch pipettes (6 -9 M⍀) were pulled on a horizontal puller (P-97; Sutter Instrument Co., Novato, CA) using borosilicate capillaries (G150TF-3; Warner Instruments, Hamden, CT). The pipette solution (pH 7.3) contained (in millimoles) 135 K-gluconate, 5 NaCl, 10 HEPES, 10 EGTA, 1 MgCl 2 , 1 CaCl 2 , 5 MgATP and 0.1 Na 2 GTP, and Neurobiotin (SP-1120; Vector Laboratories) was added to a final concentration of 0.2%. Juxtacellular filling was achieved using voltage steps of 200 mV for 60 msec duration delivered at 10 Hz through an AxoClamp 2B amplifier (Axon Instruments, Sunnyvale, CA) for 20 -45 min. After filling, slices were fixed in 4% PF (pH 7.6) at 4 C for 12 h. After washing in TBS, slices were incubated with streptavidin-Alexa568 (Molecular Probes) in incubation solution at room temperature for 4 h and subsequently rinsed and mounted on slides. Slides were kept in the dark at 4 C until analyzed as described below.
Experiment 2: GnRH neuron spine density during the preovulatory surge
Ten adult female homozygous GnRH-GFP mice were put through a positive feedback surge protocol as published previously (24) . Briefly, mice were anesthetized with Avertin (0.02 ml/g body weight), ovariectomized, and implanted sc with a 17␤-estradiol-filled SILASTIC capsule (Dow Corning Corp., Midland, MI). Six days after OVX, half of the mice received a sc injection of estradiol benzoate (1 g per 20 g body weight) at 0900 h (n ϭ 5), and the other half received an injection of vehicle (n ϭ 5). All animals were killed on the following day at 1900 h by an overdose of pentobarbital followed by collection of blood from the vena cava and subsequent transcardial perfusion fixation with 4% PF. Brains were removed, postfixed for 1 h at room temperature, and then saturated in 30% sucrose TBS solution overnight at 4 C until processing.
Double-label immunocytochemistry
Brains were cut on a freezing microtome into three sets of 30-m-thick coronal sections throughout the rPOA and diagonal band of Broca. Two sets of tissue were incubated in primary rabbit antibodies against cFos (1:10,000; SC-52, Santa Cruz Biotechnology, Santa Cruz, CA) in incubation solution with 2% normal goat serum at 4 C for 48 h. Sections were washed in TBS and then incubated in goat antirabbit AlexaFluor568 (1:200; Molecular Probes, Invitrogen) in an incubation solution for 90 min. Tissue was then placed in 4% PF for 30 min and subsequently washed for 30 min with TBS. After fixation, the tissue was incubated in a second primary rabbit antiserum against GFP (1:5000; Molecular Probes, Invitrogen) in the incubation solution with 2% normal goat serum at 4 C for 48 h. After TBS washes, tissue was placed in goat antirabbit AlexaFluor488 (1: 200; Molecular Probes, Invitrogen) in incubation solution for 90 min. After a final wash in TBS, tissue was mounted as above and kept in the dark at 4 C until analysis.
Assessment of GnRH neuron spine density in experiments 1 and 2
For experiment 1a, the two sections with the largest numbers of GnRH neurons (typically at the level of the rPOA containing the OVLT) were chosen from each animal, and the full extent of every GFP-labeled GnRH neuron from these two sections was imaged and analyzed using confocal microscopy by an experimenter blinded to treatment group (Fig. 1, A and  B) . The primary dendrites of all filled cells collected in experiment 1b were imaged and analyzed by an experimenter blinded to treatment group. For experiment 2, two representative sections from the rPOA/OVLT region of estradiol benzoate-treated (surged) animals were identified and images of cFos-positive GnRH neurons (n ϭ 10/animal) and cFos-negative GnRH neurons (n ϭ 10/animal) were collected. Activated neurons were identified as expressing cFos in the nucleus. Only the GFP signal was collected for analysis to allow blinding of groups. Twenty randomly chosen GnRH neurons were imaged in the same region from vehicle-injected (nonsurged) control animals. Each GnRH neuron, including soma and the entire visible length of each dendrite, was imaged and analyzed using a Zeiss LSM upright confocal laser-scanning microscope with LSM510 control software (version 3.2; Carl Zeiss, Oberkochen, Germany). An argon laser exciting at 488 nm was used to visualize AlexaFluor488 with a ϫ63 Apochromat objective (numerical aperture 1.4) and ϫ2 zoom function. Stacks of images were captured at 320-nm intervals. Spine numbers were quantified by scrolling through the series of captured images in the z-plane using LSM510 control software (version 3.2, Fig. 1, C and D) . For each cell, spines were identified as protrusions from the soma or cell body greater than 1 m and less than 5 m in length. Thin, nonbeaded spiny protrusions greater than 5 m in length from the soma or proximal dendrites are rare (23) and considered to be filopodia. Dendrites with the greatest circumference extending from the filled GnRH neuron soma were designated the primary dendrite. The number of dendrites observed leaving the soma or branching from the primary dendrite was recorded. In experiments 1a and 2, spine numbers were counted for each labeled GnRH soma and along the length of each dendrite at 15-m intervals, out to 75 m, or until the dendrite was observed to extend out of the slice. In experiment 1b, spine number was quantified for the soma and in 50-m intervals out to the natural end of the dendrite or until the dendrite was observed to extend out of the slice. Soma circumference was measured in a projected image of stacks taken through the cell body with concurrent reference to the series of stacks to outline the entire soma and exclude the proximal dendrite. Isosurface rendering of GFPlabeled GnRH neurons shown in Fig. 1 , E and F, was processed using Amira 4.1.2 software (Visage Imaging GmbH, Berlin, Germany).
RIA for LH
Plasma LH concentrations were determined by RIA using the antirabbit LH-S-11 antiserum and mouse LH-RP reference provided by Dr. A. F. Parlow (National Hormone and Peptide Program, Torrance, CA). The intraassay coefficient was 2.2%.
Statistics
Mean (ϮSEM) values were calculated for each experimental group. Differences within each experiment were tested for significance using either a two-tailed Mann-Whitney test (GraphPad Software; INSTAT, San Diego, CA) or a one-way ANOVA followed by Tukey posttest. P values Ͻ0.05 were considered significant.
Results
Experiment 1a
A GnRH-GFP transgenic mouse line expressing high levels of GFP (28) was used to visualize the fine details of GnRH neurons that are not always apparent after GnRH immunocytochemistry. In preliminary experiments, we found that GFP immunolabeling using a cocktail of two GFP antibodies enabled optimal detection of spines on GnRH soma and dendrites (Fig. 1, C-F) . With this method we can reliably analyze the first 75 m of dendrite in every GnRH neuron. Figure 1 , A and B, provides representative diagrams of two rPOA sections showing the GFP-expressing GnRH neurons that were analyzed for an individual animal. In experiment 1, 27.1 Ϯ 1.4 (mean Ϯ S⌭⌴) GnRH neurons (all visible cells in two rPOA sections) were analyzed for each animal. Spine numbers were assessed from the soma, primary dendrite, and any additional dendrites visible in the section.
The removal of gonadal steroid hormones in experiment 1 significantly altered somatic spine density. Mice OVX for 2 wk demonstrated a significant decrease in GnRH somatic spine density (27%, P Ͻ 0.05) compared with sham-operated, diestrous females ( Fig. 2A) . In con- endo.endojournals.orgtrast, no difference in spine density was observed for total dendritic spines of the primary dendrite (first 75 m) or any 15-m dendritic segment of the primary dendrite ( Fig.  2A) . Spine density calculated for the entire neuron (soma and all dendrites observed) was not altered after OVX (Fig. 2B) . Likewise, no differences were observed in GnRH soma circumference after OVX (Fig. 2C) . The number of GnRH dendrites recorded was not significantly different between intact-diestrus animals (1.75 Ϯ 0.02) and OVX animals (1.53 Ϯ 0.07) (Fig. 2D ).
Experiment 1b
Spine density after OVX was also examined by juxtacellular cell-filling in vitro to examine farther along the dendrite and to ensure that absence of spine density changes was not due to our technical approach. OVX had no impact on dendritic spine density at any level of the dendrite (Fig. 2E) .
Experiment 2
All estrogen-treated animals expressed cFos in a subpopulation of GnRH neurons (30 -40%, Fig. 3 , C and D) and had elevated LH (5.08 Ϯ 1.9 ng/ml), indicative of a preovulatory surge. Vehicle-treated, nonsurge controls had a complete absence of cFos expression in GnRH neurons and considerably lower LH (1.5 Ϯ 0.3 ng/ml). Total spine density of all GnRH neurons in estrogen-treated animals was significantly higher than total spine density in vehicle-treated (nonsurge) controls (Fig. 3A) . A comparison of GnRH neurons expressing cFos (0.8 Ϯ 0.04/m) with those not expressing cFos (0.5 Ϯ 0.01/m) in surging animals revealed a dramatic increase (60%, P Ͻ 0.0001) in spine density specifically within the activated population of GnRH neurons (Fig. 3B) . No difference in spine density was observed between nonactivated cells and GnRH neurons in vehicle-treated controls (0.5 Ϯ 0.04/ m) (Fig. 3B) . Significantly increased spine density was evident at the soma and at every dendritic compartment observed within 60 m of the primary dendrite (Fig. 4A) . No significant differences were observed between activated and nonactivated neuron soma circumference or number of filopodia (Fig. 4, B and C) .
Discussion
The present study used a GnRH-GFP transgenic mouse model to investigate whether gonadal steroids are involved in regulating GnRH neuron spine density, a correlative measure of excitatory synaptic input. Removal of negative feedback levels of estrogen by OVX demonstrated that although gonadal steroid hormones are necessary for the maintenance of GnRH neuron somatic spine density, dendritic spines remain stable in the absence of estrogen. In contrast, preovulatory, positive feedback levels of estrogen were found to induce a dramatic increase (60%) in somatic and dendritic spine density in GnRH neurons. Remarkably, this significant increase in spines was restricted to the subpopulation of GnRH neurons activated (indicated by cFos expression) at the time of the preovulatory surge.
We describe here a method to reliably investigate GnRH neuron proximal spine density in a large population of GnRH neurons at a specific in vivo time point. Through the robust labeling of GFP in perfusion-fixed brain tissue from GnRH-GFP mice, we were able to identify with confocal microscopy the fine morphological features of the GnRH neuron soma and dendrites, consistently out to 75 m. It has been shown previously that differences in GnRH neuron spine density across pubertal development can be detected with both in vitro cell-
FIG. 3.
Surge-activated (cFos ϩve) GnRH neurons show a robust increase in spine density. A, Mean Ϯ SEM total GnRH neuron spine density shows that total spine density of GnRH neurons increases at the time of the preovulatory surge. B, The increase in spine density is restricted to those neurons that are activated at the time of the surge (coexpress cFos). C and D, Representative GFP-labeled GnRH neurons from a surged animal. The smooth neuron in C is cFos negative and the spiny neuron in D is cFos positive (arrow).
filling techniques and in vivo perfusion fixation of GnRH-GFP tissue as performed here (22) . Due to the unexpected stability of dendritic spines observed after OVX, we also used juxtacellular cell-filling of GnRH neurons in vitro from OVX or intact animals. Cell-filling enabled us to examine the spine number at greater dendritic lengths. However, even in more distal portions of the dendrite, no differences in spine density were detected, confirming an absence of altered dendritic spine density after the removal of estrogen was not due to technical approach. Interestingly, cell-filling did not detect a difference in somatic spine density between GnRH neurons from OVX and intact females as was measured in perfusion-fixed tissue. This inconsistency could be due to the smaller sample size that can be examined with cell-filling. Alternatively, an impact of the juxtacellular filling method itself on somatic spine density cannot be ruled out.
Several populations of limbic neurons exhibit gonadal steroid-dependent spine plasticity. Spine changes in the hippocampus are thought to result from steroid-dependent disinhibition of presynaptic secretion of ␥-aminobutyric acid (GABAergic) inputs to CA1 pyramidal neurons (29) . Neurons within hypothalamic nuclei also demonstrate steroid-dependent spine plasticity. In the ventromedial nucleus, spine density decreases with OVX and is increased in proestrous rats compared with diestrous females (30, 31) . In the arcuate nucleus, castration significantly decreases spine density in the male (32) and the number of dendritic spine synapses increases on the afternoon of proestrus in the female (33) .
Given the ability of gonadal steroids to modulate spine density in these populations of neurons, it was surprising to find that the spine density of GnRH neurons remained relatively stable after OVX. We did, however, find that somatic spine number decreased by 27% after OVX. This indicates that gonadal steroids are necessary for maintenance of synaptic inputs to the GnRH neuron soma. Interestingly, ultrastructural investigations of nonspine synaptic inputs to GnRH neurons (soma and proximal dendrite) show no differences between OVX and intact female rats (34) . The role of spine vs. nonspine synapses, and somatic vs. dendritic inputs, in controlling the excitability of GnRH neurons is unknown at present. However, the recent important demonstration that action potentials can be initiated from the dendrite as well as the soma of GnRH neurons (35) suggests that inputs to the soma of GnRH neurons may not be as crucial in determining firing as would be expected in a more typical neuron in which the axon hillock is the exclusive site of action potential generation. It is important to recognize that the present study has not addressed nonspine inputs to GnRH neurons, although previous electron microscopic investigations have examined this issue and found no evidence for the presence of gonadal steroids in regulating their density (34) . Together these studies suggest that basal levels of gonadal steroids do not regulate spine or nonspine inputs to GnRH neuron dendrites.
In contrast, positive feedback levels of estrogen were found to robustly increase spine density, specifically in GnRH neurons activated (positive for cFos) during the preovulatory surge. The spine density of nonactivated GnRH neurons (negative for cFos) at the time of the surge was not different from the GnRH neuron spine density in nonsurged controls, suggesting that estrogen induced plasticity is restricted to activated GnRH neurons. A link between cFos expression and spine plasticity has been shown in hippocampal granule cells, suggesting that cFos is an upstream signaling molecule of plasticity (36) . Those GnRH neurons expressing cFos at the time of the surge are presumed to be the neurons that secrete surge levels of GnRH to drive the LH surge as GnRH mRNA increases in this subpopulation at the time of the surge (37), and these neurons are hypophysiotropic (38) . However, few defining features of this subpopulation have been identified. Notable exceptions are their predictable anatomical location around the OVLT and their likelihood to coexpress galanin (39) and show a surge induced up-regulation of galanin expression (40) . Because GnRH neurons do not express estrogen receptor (ER)-␣, the critical ER for inducing the positive feedback effect of estradiol (24) , the site of estrogen action on GnRH neuron plasticity is most likely indirect. Studies in the mouse have indicated the importance of estrogen-receptive, primary afferent inputs from the rostral periventricular region of the third ventricle (RP3V) (24) , and cFos activation of RP3V neurons is coincident with cFos expression in GnRH neurons (41) . Because some of these RP3V afferent inputs to GnRH neurons are glutamatergic (42, 43) , there would appear to be at least the potential for steroid-induced plasticity in glutamatergic input to GnRH neurons. Estradiol may also act via inhibitory inputs as has been shown for CA1 pyramidal neurons of the hippocampus, in which estradiol induced increases in spine density and excitatory synaptic input to these neurons is preceded by a transient disinhibition of GABAergic pyramidal cells (9) . In line with this idea, RP3V neurons also provide direct GABAergic inputs to GnRH neurons that can excite or inhibit the activity of different neurons (43) .
In addition, glia are known to play an important role in synapse formation and remodeling (44) and to participate in the hormonal regulation of synaptic plasticity (45) . Indeed, there is a rich literature on the role of glial cells in the structural plasticity of GnRH neurons throughout the reproductive cycle (46) . Increased spine density of neurons within the preoptic area during sexual differentiation of the male brain is clearly linked to cross talk between neurons and glia (47, 48) . Although the surge mechanism has been shown to be dependent on neuronal expression of ER-␣ (24), we cannot rule out an important role for glial cells in the preovulatory induction of GnRH neuron spines.
Increased spine density on cFos-expressing GnRH neurons is suggestive of an increase in glutamatergic synaptic input that may be required for the preovulatory GnRH/LH surge. There is accumulating evidence for a direct role of glutamate in GnRH neuron function (49) . In support of this, GnRH neurons express both 2-amino-3-hydroxy-5-methyl-4-isoxazol propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors (27) , and interestingly, NMDA receptors are found preferentially on midline vs. lateral GnRH neurons (19) , correlating with the location of GnRH neurons that typically express cFos during the surge. Additionally, AMPA receptor subunit expression in GnRH neurons changes over the day of the surge and particularly in those GnRH neurons with cFos expression (51) .
Glutamate levels have been shown to increase in the preoptic area during the surge (52) , and blockade of glutamate receptors is known to block the LH surge in rats (53, 54) . Recent immunocytochemical studies show an increase in vesicular glutamate transporter-2 appositions and a concomitant decrease in vesicular ␥-aminobutyric acid transporter appositions to GnRH neurons on the afternoon of proestrus (55) . Importantly, estrogen administration to OVX rats promotes the effect of NMDA and AMPA on LH release. However, in contrast, recent recordings of spontaneous glutamatergic excitatory postsynaptic currents (EPSC) in GnRH neurons from a daily LH surge mouse model found that estradiol suppressed EPSC in the morning, during a negative feedback state, but had no effect on EPSC in the afternoon, during a positive feedback state (50) . Our data would suggest that increased glutamatergic activity might only be found to occur within the subpopulation of GnRH neurons expressing cFos at the time of the surge, and it is currently impossible to identify those neurons in an acute brain slice preparation.
In summary, these results show that although the presence of estrogen does not elicit the dramatic effect on spine density in GnRH neurons seen in other neuronal populations, profound changes in spine density do occur in a subset of activated neurons during the preovulatory surge. It remains to be determined whether changes in spine density correlate with an increase in excitatory synaptic input to GnRH neurons and whether this is critical for surge induction.
